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Previous studies have suggested that monoclonal antibodies (MAbs) to flavivirus nonstructural protein-1
(NS-1) protect against infection in mice through an Fc-� receptor-dependent pathway. To identify a specific
mechanism, we evaluated the protective activity of anti-NS1 MAbs to WNV using mice and cells with deficien-
cies of specific Fc-� receptors. Our results suggest that only MAbs that recognize cell surface-associated NS1
trigger Fc-� receptor I- and/or IV-mediated phagocytosis and clearance of WNV-infected cells. These findings
may be relevant for generating novel therapeutic MAbs or vaccines against flaviviruses that target the NS1
protein.

West Nile virus (WNV) is a positive polarity single-stranded
RNA mosquito-borne virus of the Flaviviridae family and is
related to other viruses that cause human disease including
dengue virus (DENV), yellow fever virus (YFV), Japanese
virus, St. Louis virus, and tick-borne encephalitis virus. WNV
has become endemic in North America and other parts of the
world, with annual outbreaks of encephalitis occurring mostly
in immunocompromised or elderly individuals. At present,
treatment is supportive, and no vaccine exists for human use.

Innate and adaptive immune responses are essential for the
control of WNV infection (reviewed in reference 23). The
humoral response limits flavivirus infection in vivo, and this
protection has been mapped to antibodies that recognize the
envelope (E) and nonstructural-1 (NS-1) proteins (11, 22).
Studies have shown that some anti-WNV and anti-YFV NS1
monoclonal antibodies (MAbs) protect through Fc-� receptor-
dependent pathways (6, 24–26). We evaluated here the Fc-�
receptor-dependent mechanism for protective anti-NS1 MAbs
against WNV.

A previous study showed that passive transfer of five differ-
ent MAbs (10NS1, 14NS1, 16NS1, 17NS1, or 22NS1) against
WNV NS1 protein protected mice against lethal challenge (6).
To gain further insight into their mechanism of control, we
evaluated in detail how one of the MAbs, 10NS1, limited WNV
infection. Similar to studies with other anti-NS1 and E MAbs
against WNV and YFV (6, 19, 26), we tested whether the
effector functions of 10NS1 MAb were linked to its protective
activity. Passive antibody transfer studies were initially per-
formed in wild-type, C1q�/�, or Fc-� receptor I�/�, III�/�,
and IV�/� congenic C57BL/6 mice. The Fc-� receptor-defi-

cient animals lack the common accessory �-chain that carries
an immunoreceptor tyrosine-based activation motif required
for activation and efficient expression of all activating Fc-�
receptors in mice, including the newly described Fc-� receptor
IV (17, 18). In C1q�/� mice, which cannot activate comple-
ment by the antibody-dependent classical pathway, 10NS1
maintained virtually all of its protective effect (Fig. 1A, P �
0.0001) with a �75% survival rate. Consistent with this, passive
transfer of protective anti-NS1 MAbs also significantly pre-
vented lethal WNV infection in C3�/� mice (data not shown).
In contrast, in Fc-� receptor I�/�, III�/�, and IV�/� mice,
which lack the common signaling �-chain and are impaired in
antibody-dependent effector responses (28), the beneficial ef-
fect of 10NS1 was lost (Fig. 1B, P � 0.6). These results sug-
gested that 10NS1, as had been previously observed with two
other anti-WNV NS1 MAbs, 16NS1 and 17NS1 (6), required
interaction with activating Fc-� receptors for its protective
effect.

NS1 is a secreted nonstructural glycoprotein that is absent
from the virion, accumulates in cell supernatants, and becomes
plasma membrane-associated through as-yet-undetermined
mechanisms (32, 33). Because activating Fc-� receptors were
essential for 10NS1 protection, we speculated that natural
killer (NK) cells might control infection by detecting and lysing
NS1-expressing WNV-infected cells through antibody-depen-
dent cellular cytotoxicity (ADCC). To test this, passive protec-
tion experiments were repeated with 10NS1 in congenic Fc-�
receptor III�/� mice: NK cells express only Fc-� receptor III,
and thus NK-mediated ADCC is abolished in these mice (12).
Notably, 10NS1 completely maintained its beneficial effect in
Fc-� receptor III�/� mice (Fig. 1C, P � 0.0001). Although
these data suggested that NK cell did not contribute to 10NS1-
mediated protection against WNV, we further investigated this
using cell depletion experiments. NK cells were depleted from
wild-type C57BL/6 mice by administering an MAb (150 �g)
against the NK cell-restricted surface antigen NK 1.1 (27). Two
days later, depletion was confirmed, with �0.1% of NK cells
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detected in peripheral blood by flow cytometric analysis (data
not shown). Subsequently, mice treated with NK1.1, an isotype
control MAb (anti-SARS coronavirus ORF7a), or phosphate-
buffered saline (PBS) were administered 10NS1, infected with
WNV, and evaluated for survival (Fig. 1D and data not
shown). Depletion of NK cells, which was sustained by an
additional dose of NK1.1 at day 2 after infection, did not affect
WNV pathogenesis or 10NS1-mediated protection. Based on
these studies, we conclude that 10NS1-mediated protection
does not depend on NK cells, NK cell-mediated ADCC, or
other Fc-� receptor III-triggered effector events in other cells,
including granulocytes and macrophages. Thus, 10NS1 MAb
protects mice against WNV infection in vivo through Fc-�
receptor I- and/or IV-dependent mechanisms.

All of the anti-NS1 MAbs (10NS1, 16NS1, and 17NS1) that
protected against WNV through a Fc-� receptor-dependent
mechanism share a common feature: they were of the mouse
IgG2a subclass (Table 1). Of the three activating Fc-� recep-
tors (I, III, and IV) in mice, Fc-� receptor I is unique and is the
only high-affinity receptor for monomeric mouse IgG2a (21,
29). Based on this, we speculate that Fc-� receptor I mediates
protection through interaction with anti-NS1 MAbs of the
IgG2a subclass. However, the unavailability of Fc-� receptor
I�/� C57BL/6 mice precludes direct testing of this hypothesis
at this time.

As some but not all anti-WNV NS1 MAbs controlled infec-
tion through a Fc-� receptor-dependent mechanism, we sought
to define the basis for differential MAb protection. Because
biochemical studies with DENV NS1 suggested that soluble
and cell surface NS1 were arranged as distinct oligomers (hex-

FIG. 1. Efficacy of 10NS1 MAb in C1q�/�, Fc-� receptor I�/�, III�/�, and IV�/�, Fc-� receptor III�/�, and NK cell-depleted mice. C1q�/� (A), Fc-�
receptor I�/�, III�/�, and IV�/� (B), or Fc-� receptor III�/� (C) C57BL/6 mice were inoculated via footpad with 102 PFU of WNV on day 0. On the
same day, mice were administered PBS or a single dose of 10NS1 MAb (500 �g) by an intraperitoneal route. The difference in survival curves between
antibody and PBS treatments was statistically significant for the C1q�/� (n � 20, P � 0.0001) and Fc-� receptor III�/� mice (n � 15, P � 0.0001) but
not for Fc-� receptor I�/�, III�/�, and IV�/� mice (n � 13, P � 0.6). (D) NK cells were depleted from wild-type mice after treatment with 150 �g of
anti-NK1.1 MAb 2 days before and after infection. Depletion of NK cells was confirmed as �99% by flow cytometry of peripheral blood lymphocytes.
Mice were infected with WNV and treated with 10NS1 or PBS as described above. There was no statistically significant difference in mortality between
10NS1-treated, NK-depleted, and nondepleted mice (n � 30, P � 0.8). The survival curves were constructed from two to three independent experiments.

TABLE 1. Relationship between protective activity and binding of
anti-NS1 MAbs

Antibody
%

Surviving
micea

Antibody
isotypea

NS1 MAb
domain

localizationa

% Positiveb

Yeast
binding

Raji-WNV
intracellular

NS1

Raji-
WNV

surface-
associated

NS1

PBS 17
1NS1 25 IgG1 0.2 NDc ND
2NS1 40 IgG1 III 0.1 63 5
3NS1 50* IgG2b I 54 97 30
4NS1 50* IgG2b III 54 99 84
5NS1 40 IgG1 I 54 93 0.6
6NS1 20 IgG1 III 24 98 78
7NS1 0 IgG1 I 54 91 0.6
8NS1 20 IgG2a I 52 97 1.3
9NS1 40 IgG1 III 52 98 48
10NS1 80* IgG2a I, II-III 52 98 77
11NS1 50* IgG2b I 55 94 65
12NS1 10 IgG2a I 51 95 5.1
13NS1 30 IgG1 III 48 98 79
14NS1 97* IgG2a III 44 99 71
15NS1 0 IgG2a I 50 94 0.9
16NS1 90* IgG2a I 55 98 82
17NS1 75* IgG2a I, III 52 93 81
18NS1 10 IgG2b III 18 93 82
19NS1 20 IgG1 III 39 97 66
21NS1 40 IgG1 I 25 96 0.9
22NS1 70* IgG2a II-III 41 99 52
23NS1 0 IgG1 I 52 93 0.9

a Data were adapted from a table in a previous publication (6).
b Intracellular and cell surface-associated NS1 levels on Raji-WNV-Rep and

yeast cells were measured in permeabilized or nonpermeabilized cells by flow
cytometry. The values are expressed as the percent positive cells compared to a
negative control antibody. The results are representative of at least three inde-
pendent experiments. *, The percentage of surviving mice after transfer of the
indicated NS1 MAb was statistically different (P � 0.05) from saline controls.

c ND, not determined.
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amer versus dimer, respectively) (9, 20, 33), we speculated that
the disparate protective phenotypes could be due to differen-
tial recognition of soluble and cell-associated forms of NS1.
Virtually all of our anti-NS1 MAbs equivalently recognized a
full-length NS1 protein in solution, as a fusion protein ex-
pressed on the surface of yeast cells and as an intracellular
protein (Fig. 2, Table 1, and data not shown). In the yeast
expression system, however, NS1 attaches to the cell surface
via a unique mechanism: the Aga2 N-terminal part of the
fusion protein binds to Aga1, which is constitutively expressed
on the yeast surface (5). The surface orientation of NS1 on
infected cells, which binds as a dimer (20), may be distinct and
recognized differentially by antibodies. To define the reactivity
of MAbs against cell surface-associated NS1, we used a cell
line, Raji-WNV-Rep, that propagates a WNV subgenomic rep-
licon (10, 31) and expresses the viral proteins NS1 through NS5
of the New York 1999 strain of WNV. Each antibody was
tested for surface and intracellular staining of NS1 on this cell.
All NS1 MAbs that protected mice through an Fc-� receptor-
dependent mechanism (10NS1, 16NS1, and 17NS1) were of
the IgG2a subclass and exhibited strong immunoreactivity
against both cell surface and intracellular forms of NS1. How-
ever, other IgG2a MAbs (8NS1, 12NS1, and 15NS1) that failed
to protect mice did not recognize cell surface-associated NS1.

Finally, other MAbs (6NS1, 13NS1, and 19NS1) of the IgG1
subclass recognized cell surface NS1 and yet did not protect in
vivo. Similar results were obtained with BHK cells infected
with live (New York 2000 strain) of WNV (data not shown).
When these results were analyzed in the context of previous
mapping data (6), we observed that anti-NS1 IgG2a that failed
to recognize cell surface NS1 or protect against infection in
mice all mapped to the N-terminal fragment (FR-I) of NS1
(Table 1). Thus, MAbs differentially recognize cell surface
forms of NS1, and this pattern, in combination with the IgG
subclass, determines whether an anti-NS1 MAb is protective in
vivo through an Fc-�-receptor I- and/or IV-dependent mech-
anism.

Although our studies suggested that protection by anti-NS1
IgG2a was Fc-� receptor dependent and NK cell independent,
no specific mechanism was identified. We hypothesized that
anti-NS1 MAbs might target infected cells that display high
levels of cell surface NS1 for phagocytosis by tissue macro-
phages that express high levels of Fc-� receptor I (4). To test
this, we compared the ability of peritoneal macrophages from
wild-type, Fc-� receptor III�/�, or Fc-� receptor I�/�, III�/�,
and IV�/� mice to phagocytose carboxy-fluorescein succinimi-
dyl ester (CFSE)-labeled Raji-WNV-Rep cells in the presence
or absence of anti-NS1 IgG2a MAbs that bind (10NS1) or fail

FIG. 2. Flow cytometry histograms showing immunoreactivity of NS1 on the surface of yeast, within permeabilized Raji-WNV-Rep cells, and
on the surface of Raji-WNV-Rep cells with individual anti-NS1 MAbs. Representative histograms are shown for four NS1 MAbs (8NS1, 15NS1,
10NS1, and 17NS1). The E1 MAb against WNV E protein (19) was used as a negative control. WNV NS1 immunostaining was performed as
described previously (6). Intracellular and cell surface-associated NS1 levels on Raji-WNV-Rep were measured in permeabilized or nonperme-
abilized cells, respectively. Green and red arrows indicate the absence or presence, respectively, of binding of MAbs to cell surface-associated NS1.
The data shown are representative of several independent experiments.
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to bind (15NS1) cell surface NS1. Phagocytosis by macro-
phages was assessed and quantitated by confocal microscopy.
Opsonization with 10NS1 MAb resulted in efficient binding
and internalization of Raji-WNV-Rep cells by wild-type and
Fc-� receptor III�/� but not Fc-� receptor I�/�, III�/�, and
IV�/� peritoneal macrophages (Fig. 3). Similar results were
observed with the two other anti-NS1 IgG2a MAbs (16NS1
and 17NS1) that protect in vivo via an Fc-� receptor-depen-
dent mechanism (Fig. 3B) and with cells infected with live
WNV (data not shown). Importantly, 10NS1 MAb did not
facilitate any binding and/or phagocytosis of the parent Raji
cell line that lacked expression of the WNV replicon (data not
shown). Surface staining of cells with cholera toxin and confo-
cal microscopic analysis confirmed that 10NS1-opsonized Raji-
WNV-Rep cells were phagocytosed by wild-type macrophages
(data not shown). In contrast, internalization of Raji-WNV-
Rep cells was not observed after the addition of 15NS1 in
wild-type or deficient macrophages (Fig. 3). These experiments
suggest that anti-NS1 MAbs of a given IgG subclass that bind
to cell surface-associated NS1 facilitate phagocytosis and clear-
ance of WNV-infected cells through Fc-� receptors I and/or
IV. Consistent with this, some but not all human IgG switch
variants of 17NS1 promoted phagocytosis of Raji-WNV-Rep
cells (data not shown). These studies, however, do not exclude

a possible independent protective mechanism by ADCC in
macrophages (16).

In summary, our investigations suggest that vaccines or an-
tibody-based therapeutics that target the NS1 protein could
enhance protection and/or viral clearance against flaviviruses.
In support of this, recent preclinical subunit vaccines that con-
tain NS1 showed promising protection against WNV and
DENV in rodents (7, 14, 15, 30, 34). Given our findings on IgG
subclass and cell surface recognition requirements, further ge-
netic and immunologic manipulation could enhance NS1 an-
tibody-mediated protection through Fc-�-receptor-dependent
phagocytic mechanisms. Nonetheless, since NS1 can also bind
to the surface of uninfected cells (32), in flavivirus infection
models where high levels of soluble NS1 accumulate (1, 13, 35)
it is possible that some anti-NS1 MAbs could have pathogenic
consequences (2, 3, 8) due to targeting and phagocytosis of
uninfected cells.
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FIG. 3. Anti-NS1 MAb-dependent phagocytosis by peritoneal macrophages. (A) Thioglycolate-elicited peritoneal macrophages were isolated
after peritoneal lavage from wild-type, Fc-� receptor I�/�, III�/�, and IV�/�, or Fc-� receptor III�/� mice and adhered (5 	 105 cells) on
poly-D-lysine and laminin-coated coverslips. NS1-expressing Raji-WNV-Rep target cells (2 	 106) labeled with CFSE were opsonized with 10NS1
or 15NS1 and incubated with wild-type or Fc-� receptor-deficient peritoneal macrophages for 1 h at 37°C. After being washed, cells were fixed with
paraformaldehyde, stained with Alexa-555-conjugated cholera toxin subunit B, and imaged by confocal microscopy. The yellow and white arrows
indicate CFSE-labeled Raji-WNV-Rep target cells bound to and engulfed by macrophages, respectively. (B) Quantitation of the percentage of
bound or phagocytosed target cells by wild-type peritoneal macrophages with different anti-NS1 MAbs. Ten random fields were counted (	63
magnification) per antibody treatment, resulting in more than 600 total cells counted. The difference in number between 10NS1, 16NS1, 17NS1,
and 6NS1 or 15NS1 treatment was statistically significant for bound (P � 0.0001) and phagocytosed (P � 0.0001) target cells. (C) Quantitation
of the number of bound or engulfed target cells by Fc-� receptor I�/�, III�/�, or IV�/� (left) or Fc-� receptor III�/� (right) peritoneal
macrophages with 10NS1 or 15NS1 MAbs. The difference in the percentage of bound or phagocytosed Raji-WNV-Rep target cells between 10NS1
and 15NS1 was not different for Fc-� receptor I�/�, III�/�, and IV�/� macrophages but was for Fc-� receptor III�/� macrophages (P � 0.0001).
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